One sentence summary: This work demonstrated diverse aminoglycoside-modifying enzyme (AME) genes with an ability to transfer via a conjugative plasmid and the role of commensal E. coli strains in the dissemination of antibiotic resistance and causing a concern in human health and food safety.
INTRODUCTION
Escherichia coli, a Gram-negative bacterium, is a common inhabitant of the gastrointestinal tract found in both domestic animals and humans that has a great potential to acquire and transfer genes for resistance carried in another bacterium and found in the environment (Sun et al. 2010; Tadesse et al. 2012) . Isolates from food animals are responsible for food-borne infection and serve as an important reservoir of transmissible resistance genes in humans (Neidhardt and Curtiss 1996; Winokur et al. 2001; Sayah et al. 2005; Marshall and Levy 2011) .
The clinical significance of aminoglycosides decreased following the introduction of fluoroquinolones and expandedspectrum β-lactams, which was associated with reduced interest in the investigation of the microbiological aspects of those antibiotics and their mechanisms of resistance (Fernández-Martínez et al. 2015) . Aminoglycoside antibiotics block protein synthesis by targeting the A site or recognition site located in the 16S rRNA of the bacterial 30S ribosomal subunit where codonanticodon accuracy is assessed (Davis et al. 2010) .
Even though clinical applications of aminoglycosides have not completely halted, the ever-increasing resistance to all major antimicrobial drugs has once again led to an interest in these compounds, particularly their application in the treatment of severe infections by Gram-negative bacteria (Livermore et al. 2011; Lindemann et al. 2012; Almaghrabi et al. 2014; Fernández-Martínez et al. 2015) .
Bacteria have been furnished with various resistance mechanisms to cope with aminoglycosides, the most common being chemically modifying aminoglycosides by aminoglycoside-modifying enzymes (AMEs). AMEs are a large family of enzymes consisting of three subclasses categorized according to the type of chemical modification they impart on their aminoglycoside substrates: O-phosphotransferases (aphs), O-nucleotidyltransferases (ants) and N-acetyltransferases (aacs) (Garneau-Tsodikova and Labby 2016) . Beside AME genes other mechanisms of resistance include change in the bacterial membrane permeability for aminoglycoside antibiotics and increased efflux of aminoglycosides from bacterial cell to the exterior environment. Additionally, in the last few decades, 16S rRNA methyltransferase (16S-RMTase) production has emerged as a mechanism of high-level aminoglycoside resistance among Enterobacteriaceae strains (Wachino and Arakawa 2012) .
The extensive application of antibiotics to food-producing animals creates antibiotic residues in foods and the selection pressure of resistant organisms (Simonsen et al. 2004) . Consequently, the transfer of plasmids conferring antimicrobial resistance from antibiotic-treated animals to humans has long been suspected, and the resulting animal-to-human transfer of resistance genes was confirmed from the findings of recent investigations employing the whole-genome sequencing approach (Harrison et al. 2013; Laxminarayan et al. 2013) . Accordingly, many of these AMEs are encoded on plasmids, transposons and integrons, which gives them high mobility and readily facilitates the spreading of resistance (Becker and Cooper 2013) . The genes coding for those enzymes have the capability to evolve continually; moreover, the large number of mobile elements where they are situated have resulted in a high adaptability of these enzymes enabling them to exploit new antimicrobials as substrate and also efficient dissemination among bacteria giving rise to a multidrug resistance (Ramirez and Tolmasky 2010) .
Knowledge of the molecular characteristics associated with a higher degree of resistance to aminoglycosides in commensal E. coli strains would be of profound significance to clinical practice, infection control measures and treatment options in veterinary and human medicine. Moreover, the limited information available regarding AMEs production in Enterobacteriaceae isolates resistant to aminoglycoside antibiotics indicates the need for further work (Fernández-Martínez et al. 2015) . Hence, the purpose of this work was to investigate the pattern of aminoglycoside resistance in E. coli isolates obtained from four different cattle farms. Subsequently, the distribution and transferability of AMEs from the isolates were investigated.
MATERIALS AND METHODS

Bacterial strains
A total of 247 E. coli isolates from 405 fecal samples were collected from four different cattle farms between 2014 and 2015, of which 139 E. coli isolates phenotypically displaying streptomycin resistance were used for further analysis. Isolates were confirmed through amplification of the 16S rRNA gene using polymerase chain reaction (PCR) (Sabat et al. 2000) .
Antimicrobial susceptibility test
The following antibiotics were tested by disc diffusion: ampicillin (10 μg), tetracycline (30 μg), streptomycin (10 μg 
Phylogenetic typing
Escherichia coli isolates were assigned to four phylogenetic groups, namely, A, B1, B2 and D, as described previously (Clermont, Bonacorsi and Bingen 2000) . A multiplex PCR assay, established on the amplification of two genes, namely, chuA and yjaA and the DNA fragment (TspE4C2), were employed to classify phylogenetic groups. 
Molecular detection of AMEs-encoding genes
PCR-based plasmid replicon typing
Escherichia coli isolates were tested for the presence of 18 plasmid replicons (B/O, FIC, A/C, P, T, K/B, W, FIIA, FIA, FIB, Y, I1, Frep, X, HI1, N, HI2 and L/M) using a simplified version of three multiplex PCR panels as described previously (Johnson et al. 2007) . Similarly, multiplex PCRs were performed on transconjugants to type plasmid replicons.
Conjugation assay
The transferability of AMEs genes between donors and recipient strains was evaluated using conjugation assay by the broth mating technique. For this 19 representative isolates were selected among the 139 aminoglycoside-resistant isolates. Conjugation was conducted in Luria-Bertani (LB) broth with E. coli J53 Az r (azide resistant) as a recipient and aminoglycoside-resistant isolates as a donor strain. Overnight broth cultures of both the recipient and donor were added to 4 ml of freshly prepared LB broth at a donor:recipient ratio of 1:1 (Wang et al. 2003) . To determine if resistance to aminoglycoside was co-transferred, 100 μl of the aliquots were plated in duplicates on tryptic soy agar plates with and without streptomycin. Confirmation was made by PCR if the transconjugants acquired the AME genes of their donors. The efficiency of conjugation was also calculated, which represents the ratio of number of CFU ml −1 of transconjugants to the number of CFU ml −1 of donors grown on tryptic soy agar.
Pulsed-field gel electrophoresis analysis
To investigate clonal relationships among E. coli strains harboring AMEs genes, pulsed-field gel electrophoresis (PFGE) analysis was carried out using a protocol previously established by the Centers for Disease Control and Prevention (CDC). Genomic DNA was digested on 50 U XbaI (TaKaRa, Japan) for 2 h and analysis was made using the GelCompar II software, version 6.6 (Applied Maths, Sint-Martens-Latem, Belgium). A PFGE dendrogram was generated based on Dice coefficients of similarity using the unweighted-pair group method with arithmetic means.
Statistical analysis
IBM SPSS/Statistics, version 24, was used to perform data analysis. The Mann-Whitney test for continuous variables was used for comparison between groups of aminoglycoside antibiotics. P values represent differences in median MIC for respective aminoglycosides between the gentamicin-susceptible and -resistant isolates. P values <0.05 were considered statistically significant.
RESULTS
Antibiotics susceptibility testing
Overall, 247 E. coli isolates were obtained from the 405 fecal samples. A high number of isolates (total 202; 81.78%) were found to be resistant to various antibiotics. Among them, the majority were found to be resistant to streptomycin (139; 56.3%), and other antibiotic resistances followed as tetracycline (30; 12.15%), ampicillin (17; 7%), chloramphenicol (14; 5.7%) and trimethoprim-sulfamethoxazole (2; 0.8%). Out of 139 streptomycin-resistant isolates interpreted from the results of disc diffusion tests, 138 (99.3%) were resistant to streptomycin by microbroth dilution, with MIC values ranging from 32 μg ml −1
to 256 μg ml −1 . Additionally, 21 isolates (15.1%) were resistant to neomycin (MIC ≥ 32 μg ml −1 ) and 14 were resistant to gentamicin (MIC ≥ 16 μg ml −1 ). Moreover, resistance to kanamycin and tobramycin was observed for nine (6.5%) and eight (5.8%) isolates, respectively. Significantly higher median kanamycin MICs were observed for neomycin-resistant isolates in comparison to neomycinsusceptible isolates (P = 0.001; Table 2); however, there was no significant statistical difference in median MIC values for gentamicin, streptomycin and tobramycin between neomycinresistant and -susceptible strains. 
Analysis of phylogenetic groups
Most of the investigated isolates were categorized as phylogenetic groups B1 and A, with 151 (61.1%) isolates assigned to group B1 and 69 (27.9%) isolates falling under group A, followed by groups D and B2, each consisting of 17 (7%) and 10 (4%) isolates, respectively. Compared to other phylogroups, B1 was the most prevalent in isolates resistant to ampicillin, chloramphenicol, tetracycline and streptomycin (Fig. 1 ).
Molecular characterization of AME gene-harboring isolates
Among the investigated 139 isolates, 130 (93.5%) isolates were shown to contain at least one AME gene that conferred resistance to different antimicrobial drugs. The most common AME genes were aph3 -1a and aph3 -1b (64 strains; 46%), followed by aac3IVa (48 strains; 34.5%), aac3IIa (31 strains; 22.3%), aac6 -1b (21 strains; 15.1%), ant3 -1a and aph3 -1a (10 strains each; 7.2%) and only three isolates carried ant2 -1a. Fifty-four isolates harbored only one gene, 45 isolates two genes, 18 isolates three genes and 12 isolates four genes. Only a single isolate harbored five AME genes (aac3IVa, . None of the evaluated AME genes were detected in nine (6.5%) isolates (Table 3) .
AME gene transferability
Among 19 isolates, 12 (63.2%) were established to transfer the AME genes to the recipient E. coli strain by broth mating assay. The conjugation efficiency of the isolates was between 4.92 × 10 −3 and 1.82 × 10 −4 .
Seven of the transconjugants (36.8%) carried only one of the investigated AME genes and three (15.8%) harbored two of the AME genes. The co-carriage of conjugative resistance by aac6 -1b and aph3 -1a was the predominant combination (three transconjugants; 15.8%), followed by aph3 -1a and aph3 -1a (two transconjugants; 10.5%). One transconjugant co-carried three genes (aac6 -1b, aph3 -1a and aph3 -1a) . The predominantly transferred AME gene was aph3 -1a (seven Aac6 -1b, Aph3 -1a, Aph3 -1a
transconjugants; 36.8%), followed by four isolates with the aac6 -1b gene (Table 4) .
Characterization of plasmid replicons
A summary of the plasmid replicons observed from the 19 E. coli strains is given in of the isolates contained at least two Inc groups. Additionally, plasmid replicons in transconjugants showed that AME genes were primarily borne by IncFIB plasmids (26.3%), followed by IncI1(15.8%). Only a single IncP group was found in the transconjugants (Table 4) .
Genetic relatedness of aminoglycoside-resistant isolates
The genetic relationship among high levels of aminoglycosideresistant E. coli strains carrying the most frequently detected AME genes was assessed on their XbaI-digested DNA fragments as depicted in Fig. 2 . Fourteen to thirty DNA fragments were observed from 19 E. coli isolates when investigated. Fourteen clusters were noticed when applying a 70% cut-off band pattern similarity, while a 50% cut-off band pattern similarity resulted in four clusters with little similarity to one another. We also detected between one and three isolates within each group. Two isolates belonging to PFGE sub-cluster 4 showed high similarity with a Dice coefficient similarity of >90% (Fig. 2) .
DISCUSSION
In this study, the aminoglycoside resistance mechanism, transferability potential of strains and plasmid replicons were described in multidrug-resistant E. coli isolates. Among the 139 aminoglycoside-resistant isolates, 138 (99.3%) were resistant to streptomycin by microbroth dilution test. This is presumed to be the result of selection pressure from their excessive and imprudent application in cattle farms over the last decade (Han et al. 2011) . Escherichia coli isolates have a chromosomal flexibility that facilitates their adaptation to various selective pressures that can exist in a wide environmental situation (Touchon et al. 2009 ). Description of a correlation between MICs of one aminoglycoside with another is crucial to assess whether there is a potential for cross resistance or not. Of note, the MICs of kanamycin-resistant isolates were significantly higher in neomycin-resistant isolates compared to neomycin-susceptible isolates (P = 0.001). Isolates harboring aph3 -1a were resistant to both neomycin and kanamycin as this AME gene specifically determines resistance to those aminoglycosides (Ramirez and Tolmasky 2010) . Furthermore, in South Korea, neomycin constitutes roughly about 50% of the total aminoglycoside antibiotics used in food-producing animals, which makes cross resistance possible with kanamycin (NARMP 2004 (NARMP -2008 .
Commensal E. coli strains generally belong to the B1 and A phylogroups, while pathogenic strains usually belong to the B2 and D phylogenetic groups of E. coli, which possesses virulence associated genes than commensal strains (Clermont, Bonacorsi and Bingen 2000) . The finding of this study also depicted that a considerable number of strains (61.1%) were classified under the B1 phylogenetic group, whereas the least commonly observed phylogroup was B2 (4%). These findings are in agreement with those of previously conducted studies in France, Ireland and the United States, where most commensal strains of bovine origin belonged to lineages B1 or A (Russo and Johnson 2000; Duriez et al. 2001; Karczmarczyk et al. 2011) . These findings imply that commensal strains also have the potential to harbor resistance genes and are crucial to the dissemination of antimicrobial resistance.
As demonstrated in the results section, the E. coli isolates collected from Korean cattle farms displayed a remarkable AME gene diversity. Overall, we characterized eight major AMEs variants that can be associated with different degrees of resistance to aminoglycoside antibiotics. Out of 139 E. coli isolates, 130 harbored at least one AME gene. We anticipate that the remaining nine isolates could have carried a resistance mechanism other than AMEs, since those isolates were resistant to one of the aminoglycoside drugs investigated. This is an indication of the existence of a variety of resistance mechanisms whereby bacteria inactivate aminoglycoside antibiotics, for instance, modifying the target binding site where aminoglycoside binding occurs either via mutation of the 30S ribosomal subunit or methylation of the bacterial 16S rRNA by methyltransferases that transform nucleotides in the binding site. Furthermore, decreasing the concentration of antibiotics inside the bacteria via modifying membrane permeability to achieve efflux of the drugs and proteolysis of mistranslated proteins that occur due to the presence of aminoglycosides by proteases are other resistance mechanisms that confer resistance to aminoglycoside antibiotics (Gad, Mohamed and Ashour 2011; Becker and Cooper 2013) .
In a previous study, aac6 -Ib was the most frequently detected acetyltransferase and was found to be causative for resistance to amikacin and other aminoglycoside antibiotics encountered in several Gram-negative bacteria belonging to the family Enterobacteriaceae (Becker and Cooper 2013) . Nevertheless, we found that aac6 -1b was not the prominent AME and was harbored by only 21.1% of the isolates. This gene was mainly detected as a defective gene cassette or as a gene cassette within class 1 integrons. Similar to the results of previous studies aph3 -1a and aph3 -1b were the most prevalent AME genes, with the exception of a high diversity among the aph3 subtypes, since aph3 has a high potential for recombination, which makes this gene naturally variable (Shin et al. 2014; Woegerbauer et al. 2015) .
In our study, ant2 -1a was the least common AME type, which differed from the results of several other studies conducted in France (71%), Japan (50%) and the United States (81%), where this type of AME is widespread among aminoglycoside-resistant Gram-negative bacteria (Witchitz 1981; Miller et al. 1997) . The frequency of detection of any given AME varies according to the type of on the type of aminoglycoside most frequently used in a particular country. Indeed, in a previous study (Vakulenko and Mobashery 2003) gentamicin and amikacin accounted for 80% and 10% of all aminoglycosides used in the USA, while amikacin was the most common aminoglycoside in Japan. Following a ban on the use of antibiotics as feed additives since 2003, an overall gradual decrease in the sale of antibiotics for food-producing animals was observed in South Korea. However, the increased incidence of AME genes among E. coli isolates may be attributed to the extensive use of aminoglycoside antibiotics in the past years (APQA 2012).
We also found a considerable number of isolates that harbored the aac3Iva gene, which encodes resistance mainly to tobramycin and gentamicin. Similarly, this AME gene was isolated from animals and humans in Belgium and Korea, where aac3IV is carried by various plasmid replicons (Frep, B/O, I1, FIC and FIB) (Pohl et al. 1993; Choi et al. 2011) . These results indicate the need for careful application of veterinary antimicrobial agents to safeguard against cross-resistance with antimicrobials for human use (Maron, Smith and Nachman 2013) .
Conjugation experiments revealed that plasmid transfer of high-level aminoglycoside resistance to the recipient strain (E. coli J53 Az r ) was successful for 12 of the 19 selected isolates.
Among the isolates transferred by conjugation experiments, in one of the isolates none of the investigated AME genes were detected. This implies a possibility for co-transfer of a resistance mechanism other than AMEs that confers resistance to aminoglycosides. Many previous studies also showed that the AME genes co-transfer with other genes, such as 16S rRNA methyltransferase-encoding genes, which are responsible for the high level of resistance to various aminoglycosides (Wachino and Arakawa 2012; Becker and Cooper 2013) . Although the majority of AME genes were borne by conjugative plasmids, some resistance genes could also be carried by chromosomes in the case of the aac6 gene (Becker and Cooper 2013) . This study reports that carriage of AMEs are mainly by the IncFIB (52.6%) plasmid group. Similarly, previous research has suggested that IncFIB was the major incompatibility group in E. coli isolates from South Korean cattle farms (Shin et al. 2015) . Likewise, other studies have shown that, regardless of the origin of E. coli isolates, IncFIB plasmids were the predominant type identified (Johnson et al. 2007) . Furthermore, we detected that AMEs-harboring isolates transferred their plasmids in our mating experiments and IncFIB (26.3%) was the predominant replicon in these transconjugants. The efficient transfer of plasmids carrying resistance genes suggests that this might play a major role in the spread of drug resistance to other clinically relevant pathogenic E. coli (Villa et al. 2010; Carattoli 2013; Ben Sallem et al. 2014; Sidjabat et al. 2014; Skurnik et al. 2016) .
Replicon typing revealed only one isolate with an IncP group; however, this strain carried the predominant resistance genes (aph3 -1b and aac6 -1b) and had the ability to transfer its resistance genes to a recipient. Resistance to aminoglycoside mediated by IncP as described previously is also of considerable interest since its proven efficiency of conjugative transfer and capability of replicating in a broad range of hosts (Sen et al. 2012; Popowska and Krawczyk-Balska 2013) . Certain plasmid replicons were found to be associated with multiple drug resistance; however, some plasmid replicon groups, such as IncF plasmids, can be carried regardless of resistance genes (Johnson et al. 2007; Carattoli et al. 2011) .
PFGE analysis revealed a huge genetic diversity in the majority of isolates, whereas some displayed a clonal relationship. For instance, EC252 and EC581 had a similar antimicrobial resistance pattern (S, KAN, NEO, C, TE), the same AME genes profile (aac3IIa, and high genetic similarity (>90%) with each other. These findings are similar to those of previous studies in Korea that showed a noticeable genetic heterogeneity, regardless of the origin of isolates (Shin et al. 2014) .
In conclusion, the present study revealed that the attribute of resistance that emerged from commensal microorganisms of food-producing animal origin can be present at high density, making possible horizontal resistance gene transfer between isolates from a single species and/or between species. Moreover, this high resistance level in livestock herds generally reflects the overall antimicrobial pressure in these herds and the potential to readily exchange antibiotic-resistant genes. Plasmid-mediated aminoglycoside resistance genes carried by commensal E. coli could ultimately confer resistance to pathogenic organisms, posing a direct risk to human health.
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